A poptosis is a physiological͞pathophysiological form of cell death, which is defined by biochemical and morphological changes including cell volume decrease, caspase activation, chromatin condensation, DNA laddering, and cell fragmentation. The apoptotic volume decrease (AVD) is an early-phase, essential component of the cascade leading to apoptotic cell death and is driven by osmolyte efflux resulting mainly from activation of K ϩ and Cl Ϫ conductances (1, 2) . Actually, several studies have reported that Cl Ϫ currents are activated on apoptotic stimulation (3) (4) (5) (6) , although little is known concerning the type of Cl Ϫ channel and its activating signal. The involvement of the volume-sensitive outwardly rectifying (VSOR) Cl Ϫ channel has been suggested on the basis of observations that induction of AVD is coupled to a facilitation of the regulatory volume decrease (RVD) and prevented by known blockers of VSOR but not of cAMP-and Ca 2ϩ -activated Cl Ϫ channels (7) . Thus, the present study addresses questions as to whether the apoptosistriggering anion channel exhibits volume sensitivity and properties phenotypical of the VSOR Cl Ϫ channel, and what the upstream signal is for activation of this Cl Ϫ channel under nonswelling conditions.
Materials and Methods
Cell Culture. Human cervix HeLa cells were grown as a monolayer in minimum essential medium (MEM) supplemented with 10% FBS, 40 IU͞ml penicillin G, and 100 g͞ml streptomycin under a 95% air͞5% CO 2 atmosphere. For electrophysiological experiments and cell volume measurements, cells were detached from the plastic substrate and cultured in suspension with agitation for 15-300 min in a CO 2 incubator. To induce apoptosis, HeLa cells were treated with 4 M staurosporine (STS), 500 ng͞ml anti-Fas antibody, or 2 ng͞ml tumor necrosis factor (TNF)-␣ plus 1 g͞ml cycloheximide (TNF-␣ϩCHX).
Patch-Clamp Experiments. Whole-cell recordings were performed at room temperature (22-26°C), as described (8) , with spherical cells after detaching them from the chamber bottom by lifting with a patch pipette. When the extracellular Cl Ϫ concentration was changed, a salt bridge containing 3 M KCl was used. To selectively record whole-cell Cl Ϫ currents, NMDG-Cl-based solutions were used for pipette and bath solutions. The pipette (intracellular) solution contained 120 mM NMDG, 120 mM HCl, 1.5 mM MgCl 2 , 1.5 mM Na 2 ATP, 0.3 mM GTP, 1 mM EGTA, 5 mM Hepes, and 50 mM mannitol (pH 7.3, 300 mosmol͞kg H 2 O). The dependence of Cl Ϫ channel activation on intracellular ATP was tested by omitting the compound from the pipette solution. The isotonic bathing solution contained 120 mM NMDG, 120 mM HCl, 0.5 mM MgCl 2 , 1 mM CaCl 2 , 5 mM Hepes, and 60 mM mannitol (pH 7.5, 305 mosmol͞kg H 2 O). For selectivity experiments, HCl was replaced with HI, HBr, or aspartic acid. When N-acetyl-cysteine (NAC) (10 mM) was added, the osmolality was adjusted by reducing the mannitol concentration. To prepare hypotonic (280 mosmol͞kg H 2 O) or hypertonic solution (355 mosmol͞kg H 2 O), the mannitol concentration of the control bathing solution was reduced or increased, respectively. The osmolality was measured by using a freezing-point depression osmometer (OM802, Vogel, Giessen, Germany).
Measurements of Intracellular Reactive Oxygen Species (ROS) Generation. The intracellular ROS level was detected by using 5-(and-6)-carboxy-2Ј,7Ј-dichlorodihydrofluorescein diacetate (carboxy-H 2 DCFDA) (Molecular Probes) as reported (9) . Carboxy-H 2 DCFDA is a cell-permeable indicator for ROS that is nonfluorescent until the acetate groups are removed by intracellular esterases and oxidation occurs within the cell. When oxidized by various active oxygen species, it is irreversibly converted to the fluorescent form, DCF. For ROS measurements, cells were preincubated for 30 min with MEM containing 10 M carboxy-H 2 DCFDA. After detachment, cells were washed with isotonic solution that contained 95 mM NaCl, 4.5 mM KCl, 1 mM MgCl 2 , 1 mM CaCl 2 , 105 mM mannitol, and 5 mM Hepes (pH 7.3, 310 mosmol͞kg H 2 O) and plated into 96-well plates. Fluorescence was measured by a plate reader (Molecular Devices) with an excitation wavelength of 485 nm and an emission wavelength of 538 nm.
Cell Volume Measurements. Changes in cell volume were quantified by using an electronic sizing technique with a Coulter-type cell size analyzer (CDA-500, Sysmex, Kobe, Japan) as described (10) . Isotonic or hypotonic solution consisted of 95 mM NaCl, 4.5 mM KCl, 1 mM MgCl 2 , 1 mM CaCl 2 , 10 mM NaHCO 3 , 5 mM Hepes, and 105 or 0 mM mannitol, respectively (pH 7.3 adjusted by NaOH; 310 or 200 mosmol͞kg H 2 O). During whole-cell recordings, cell size changes were also assessed by measuring the diameter of the spherical cell under a video microscope.
Caspase-3 Activity and Cell Viability Measurements. Caspase-3 activity was measured by using the CaspACE Assay System Fluorometric kit (Promega) as described (7) . Cell viability was assessed by using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay as described (7).
Statistics. Statistical differences of the data were evaluated by the paired or unpaired Student t test and were considered significant at P Ͻ 0.05.
Results and Discussion
Apoptosis Inducers Rapidly Activate VSOR Cl ؊ Channels. Most animal cells respond to a hypotonic challenge with the activation of K ϩ and Cl Ϫ conductances, which bring about the recovery of volume after osmotic swelling (11) (12) (13) . Among the volume-regulatory Cl Ϫ channels, the most ubiquitous type is the VSOR Cl Ϫ channel (14), also called the volume-sensitive organic osmolyte and anion channel (VSOAC) (15) or the volume-regulated anion channel (VRAC) (16) , which exhibits a number of phenotypical properties distinct from those of other types of anion channel (14) (15) (16) . Human cervix epithelial HeLa cells also express this channel activity (17) . Osmotic swelling induced by a hypotonic challenge (92% osmolality) brought about the activation of whole-cell Cl Ϫ currents with properties phenotypical of VSOR Cl Ϫ channel currents (14-16), including outward rectification, voltage-dependent inactivation gating at large positive potentials, inhibition by osmotic shrinkage, sensitivity to classic Cl Ϫ channel blockers such as 5-nitro-2-(3-phenylpropylamino) benzoic acid (NPPB) and 4,4Ј-diisothiocyanatestilbene-2,2Ј-disulfonic acid (DIDS), and dependence on cytosolic ATP (Fig.  7 , which is published as supporting information on the PNAS web site).
Stimulation of HeLa cells with a mitochondrion-mediated apoptosis inducer, STS, rapidly induced activation of whole-cell Cl Ϫ currents (Fig. 1A ) that was not accompanied by any significant changes in the mean cell diameter (97 Ϯ 0.3% of the control, n ϭ 9; P Ͼ 0.05). Even in the continued presence of STS, however, application of hypertonic solution (116% osmolality) that resulted in osmotic shrinkage (down to 91 Ϯ 2% of the control, n ϭ 9; P Ͻ 0.05) quickly suppressed Cl Ϫ currents (Fig.  1 A) . The STS-induced Cl Ϫ current exhibited voltage-dependent inactivation at large positive voltages (Fig. 1B) and outward rectification (Fig. 1C) . This current was reversibly blocked by classic Cl Ϫ channel antagonists (NPPB and DIDS) (Fig. 1D ). Sensitivity to NPPB was independent of voltages, whereas that to DIDS was voltage-dependent with a more prominent inhibition at positive potentials. When cells were equilibrated with ATP-free pipette (intracellular) solution for over 15 min, STS failed to activate the Cl Ϫ current (Fig. 1D) . Normalized permeability coefficients for I Ϫ , Br Ϫ , Cl Ϫ , and aspartate evaluated by their reversal potentials (n ϭ 6) were 1.46 Ϯ 0.03, 1.20 Ϯ 0.01, 1, and 0.15 Ϯ 0.01, respectively, corresponding to Eisenman's sequence I. These current properties are identical to those of VSOR Cl Ϫ channel currents (refs. 14-16; also see Fig. 7 ) but distinct from those of currents from other known types of Cl Ϫ channel (14, 18) .
The death receptor-mediated apoptosis inducers, Fas ligand and TNF-␣ϩCHX, also induced shrinkage-sensitive, NPPBsensitive, and outwardly rectifying Cl Ϫ currents (Fig. 2 A and B) . Neither stimulation ever induced significant changes in the relative mean cell diameter (0.99 Ϯ 0.01, n ϭ 10 each; P Ͼ 0.05). These Cl Ϫ currents always exhibited inactivation kinetics at large positive potentials (data not shown), voltage-dependent sensitivity to DIDS, and dependence on cytosolic ATP (Fig. 2 C and   D) , all of which are characteristics of VSOR Cl Ϫ channel currents.
STS-Induced Activation of VSOR Cl ؊ Channel Is Mediated by ROS. STS is known to induce ROS generation (19) (20) (21) , and so we examined the effects of a ROS scavenger, NAC, on STS-induced activation of VSOR Cl Ϫ currents. As shown in Fig. 3A , STS-induced activation of VSOR Cl Ϫ currents was almost completely (by 87.5 Ϯ 18.6% at Ϫ100 mV and 101.1 Ϯ 4.5% at ϩ100 mV; n ϭ 5) eliminated by this antioxidant. Sources of the oxygen free radicals may include the mitochondrial electron transport chain and a membrane-associated NAD(P)H oxidase system (22) . A general inhibitor of NAD(P)H oxidases, diphenylene-iodonium chloride (DPI) (23), suppressed STS-induced activation of VSOR Cl Ϫ current (Fig. 3B ) by 70.6 Ϯ 18.1 at Ϫ100 mV and 76.3 Ϯ 14.6 at ϩ100 mV (n ϭ 5). In contrast, Fas ligand-or TNF-␣-induced activation of VSOR Cl Ϫ currents was not prevented by NAC (Figs. 3 C and D) or DPI (data not shown; n ϭ 3). These results suggest that the effect of STS, but not that of Fas ligand or TNF-␣, was mediated by ROS generated by NAD(P)H oxidases. Indeed, when using a membrane-permeable fluorescent probe, carboxy-H 2 DCFDA, loaded into HeLa cells to monitor the level of ROS, we found that stimulation with STS quickly increased the intracellular level of ROS (Fig. 4A) . STS-induced ROS production was inhibited by NAC and DPI (Fig. 4A) but not by an NO synthase inhibitor, N -nitro-Larginine methyl ester hydrochloride (L-NAME) (data not shown; n ϭ 24).
Extracellular application of hydrogen peroxide (H 2 O 2 ) increased the intracellular ROS level and augmented the STSinduced ROS increase in an additive manner (Fig. 4B ). H 2 O 2 was also found to directly activate Cl Ϫ currents without producing . The percent of inhibition was calculated from the peak current densities recorded at Ϯ100 mV from the cells under control (isotonic, ATP-containing, and blocker-free) conditions (n ϭ 27) and the cells under hypertonic, cytosolic ATP-free, or blocker-containing conditions. Sensitivity to DIDS was voltage-dependent, being significantly lower at Ϫ100 mV than at ϩ100 mV.
any visible change in cell size (Fig. 5A) . Like STS-induced Cl Ϫ currents, H 2 O 2 -induced Cl Ϫ currents could be inhibited by osmotic shrinkage (Fig. 5A ) and exhibited voltage-dependent inactivation (Fig. 5B) , outward rectification (Fig. 5C ), voltageindependent sensitivity to both NPPB and cytosolic ATP removal, and voltage-dependent sensitivity to DIDS (Fig. 5D ). These data indicate that ROS generation is an upstream signal in the STS-induced activation of the VSOR Cl Ϫ channel. Both receptor-mediated apoptosis inducers did significantly increase the level of ROS only after 5 h (Fig. 8 , which is published as supporting information on the PNAS web site). This observation is in good agreement with previous reports (24) (25) (26) (27) (28) . This ROS response to Fas ligand or TNF-␣ was NAC-sensitive (Fig.  8) . However, neither Fas ligand nor TNF-␣ plus CHX significantly increased the ROS level within 30 min (data not shown; n ϭ 16 or 12). This fact again precludes a possibility that ROS are involved in Fas ligand or TNF-␣-induced activation of VSOR Cl Ϫ channels. Fig. 6A shows the time course of changes in the mean cell volume. AVD was rapidly induced by STS, as reported (7). The STS-induced AVD was abolished by DPI and NAC (Fig. 6A) . Application of H 2 O 2 also rapidly caused a significant decrease in the mean cell volume (Fig. 6B ). More prominent AVD induction by STS compared to that by H 2 O 2 may suggest an involvement of some ROS other than H 2 O 2 (such as superoxide anions) in the STS-induced AVD induction mechanism. The STS-induced AVD was enhanced by coapplication of H 2 O 2 (Fig. 6B) . Application of STS induced activation of caspase-3 and marked reduction of cell viability after 4 and 8 h, respectively, as reported (7). NAC was found to markedly suppress STS-induced activation of caspase-3 ( Fig. 6C ) and to prevent STS-induced cell death (Fig. 6D) . A previous study of ours (29) showed that H 2 O 2 increases the activity of caspase-3 in HeLa cells and decreases their viability. These observations indicate that some ROS-mediated event leads to caspase-3 activation and apoptotic cell death induced by STS. (29, 30) and to cleave p56Lck at the N-terminal domain (31, 32) . However, it is well known that AVD occurs upstream of caspase activation (7, (33) (34) (35) . Activation of AVD-inducing VSOR Cl Ϫ channel is an early requisite event of apoptosis, because the block of this channel prevented cytochrome c release, caspase-3 activation, DNA laddering, and cell death (1, 7) . Thus, identification of not only the VSOR Cl Ϫ channel per se but also components of the molecular mechanism underlying its activation by apoptotic stimuli are of great importance, because these molecules may be promising targets for modulating apoptotic cell death in pathophysiological situations such as ischemia and tumorigenesis. 
STS-Induced Apoptotic Cell Death Is Mediated by ROS.

